Fifth-order nonlinear optical response of excitonic states in an InAs quantum dot 

ensemble measured with 2D spectroscopy 
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Exciton, trion and biexciton dephasing rates are measured within the inhomogeneous distribution 
of an InAs quantum dot (QD) ensemble using two-dimensional Fourier-transform spectroscopy. The 
dephasing rate of each excitonic state is similar for all QDs in the ensemble and the rates are 
independent of excitation density. An additional spectral feature - too weak to be observed in the 
time-integrated four-wave mixing signal - appears at high excitation density and is attributed to 
the x'^^ biexcitonic nonlinear response. 

PACS numbers: 78.67.Hc, 78.47.jh, 73.21. La 



The optical spectrum of semiconductor quantum dots 
(QDs) at low temperature is dominated by excitonic fea- 
tures including neutral and charged excitons (trions) and 
bound or anti-bound two-excitons (biexcitons)^. Exciton 
dephasing times up to nanoseconds^ have made semi- 
conductor QDs attractive for applications in quantum 
information and coherent control, motivating studies in- 
vestigating dephasing and relaxation mechanisms that 
can limit the performance of QD-based devices. The 
most widely-used technique for studying these proper- 
ties has been spectrally- and time-resolve photolumines- 
cence (PL) spectroscopies^"—, in which single QDs must 
be isolated to overcome significant inhomogeneous line 
broadening resulting from QD size dispersion. These 
experiments have demonstrated the effects of thermal 
broadening2r— on the exciton homogeneous lineshapc 
and width (inversely proportional to the dephasing time) 
and on the multi-particle emission energies^^^. Addi- 
tional insight into dephasing mechanisms and coherent 
interactions between excitons can be gained by using 
nonlinear techniques, in which many-body interactions 
give rise to distinct features in the nonlinear signalai^. 
Transient four-wave mixing (FWM) has been particu- 
larly suitable for revealing the effects of phonon and 
inter-exciton scattering on the dephasing rate of exci- 
tons, biexcitons and trions even in the presence of strong 
inhomogeneityi^"— . 

More recently, optical two-dimensional Fourier- 
transform spectroscopy^^ (2DFTS) - an extension of 
three-pulse FWM - has been demonstrated as an ex- 
tremely sensitive tool for investigating coherent excitonic 
interactions^Sr— and incoherent relaxation dynamics^ in 
interfacial GaAs QDs. 2DFTS is advantageous for inves- 
tigating QD ensembles because of its ability to unfold the 
coherent response onto two frequency dimensions, sepa- 
rating the homogeneous and inhomogeneous linewidths 
and clearly isolating different spectral features that would 
otherwise overlap using one-dimensional techniques. In 



this Brief Report, we use 2DFTS to investigate the non- 
linear optical response of excitons, trions and biexcitons 
in an InAs QD ensemble by exploiting the dipole transi- 
tion selection rules for this system. 2DFTS has not been 
applied previously to the study of InAs QDs, which ex- 
hibit stronger confinement compared to GaAs QDs, and 
therefore smaller dipole moments, making them more dif- 
ficult to study. By using co- and cross-linearly polarized 
excitation and detection schemes, we isolate the different 
excitonic states and measure the emission energy depen- 
dence of the linewidths. By increasing the excitation in- 
tensity to drive the system beyond the x*-'^-' regime, we 
find that an additional spectral feature, which is too weak 
to be observed in the time-integrated FWM signal, ap- 
pears in the 2D spectrum and is attributed to the x'^' 
biexciton nonlinear response that is radiated in the FWM 
phase-matched direction. Furthermore, we find that the 
linewidths of all excitonic states are independent of exci- 
tation density, indicating that excitation-induced dephas- 
ing (EID) effects are not important at these excitation 
levels. 

The sample investigated consists of 10 quantum- 
mechanically isolated self-assembled InAs/GaAs QD lay- 
ers epitaxially grown on a GaAs (001) substrate. In- 
vestigation of an ensemble eliminates any modification 
to the dielectric environment that occurs from pattern- 
ing the sample - as is often done in single QD stud- 
ies - which might infiuence the optical properties. The 
sample is thermally annealed post-growth at 900° C for 
30 seconds, which affects the emission properties of the 
ensemble in several way a^^i^s . ^j^g ground state distri- 
bution is blue-shifted to 1345 meV; the inhomogeneous 
width is narrowed to 15 meV full-width half-maximum 
(FWHM) ; and the ground state-to- wetting layer confine- 
ment is decreased to 100 meV. Impurities unintentionally 
introduced during growth result in half of the QDs be- 
ing doped with a hole, determined through single quan- 
tum dot studies of similar samples and a quantitative 
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analysis discussed below. In charge-free QDs, electron- 
hole exchange couples the exciton spin states, forming 
two linear orthogonally-polarized states separated by the 
fine-structure splitting (Si) for an asymmetric confine- 
ment potentiali^. These states are coupled through 
confinement-enhanced Coulomb interactions, forming the 
four-level diamond scheme shown in Fig. [TJc). Bicxciton 
states arc optically excited by two co-linearly polarized 
pulses, which form a four-particle correlated state that is 
red-shifted (blue-shifted) from twice the average exciton 
energy by a positive (negative) biexciton binding energy, 
Axx- Through auxiliary experimentsS^ measuring ^i, we 
find that the linearly-polarized exciton states are aligned 
along the same crystal axes for all QDs in the ensem- 
ble, and we define these H and V. The sample 
temperature is held at 10 K. 




FIG. 1. (Color online) A schematic of the 2DFTS experi- 
mental setup is shown in (a). Three pulses are focused onto 
the sample by lens Li to generate a nonlinear signal that is 
radiated in the phase-matched direction and coUimated by 
lens L2. The signal is heterodyned with a phase-stabilized 
reference pulse and their interference is spectrally resolved. 
Interferograms are recorded while the delay between the first 
two pulses, r, is incrementally stepped. The data is Fourier 
transformed with respect to t to unfold the complex non- 
linear response onto two frequency dimensions. The pulse 
time ordering is shown in (b) and an energy level diagram for 
a neutral QD is shown in (c) for the lowest energy exciton 
states that are energetically separated by the fine-structure 
splitting, 5i, and the bound biexciton red-shifted from the 
two-exciton by the biexciton binding energy, Axx. 

The 2DFTS technique, shown in the schematic dia- 
gram in Fig. [TJa), is based on three-pulse FWM with 
the addition of interferometric stabilization of the pulse 
delays (for experimental details see Bristow et ali^). 
Briefiy, 150-fs pulses tuned to the center of the inhomoge- 
neous distribution with a FWHM of 10 meV are incident 
on the sample with wave vectors ka, kj, and kc- The 
pulses generate a nonlinear signal that is radiated in the 
phase- matched direction ks = —ka + k^ + kc- The sig- 
nal is heterodyned with a phase-stabilized reference and 
their interference is spectrally resolved with a 17 fieV 
resolution. The delay between the first two pulses in- 
cident on the sample, r, is stepped with interferometric 



precision while recording spectral interferograms, and the 
extracted nonlinear signal is Fourier-transformed with re- 
spect to T to generate a complex 2D rephasing spectrum. 
At each delay, the phases of pulses A and B are toggled 
by TT using liquid crystal modulators and phased interfer- 
ograms are combined appropriately to cancel scatter of 
the excitation beams along kg. The excitation intensity 
can be varied from 5 to 200 W cm-^ (0.025 to 1 x lO^^ 
photons pulse" "'^ cm~^). 

Normalized amplitude spectra are shown in Figs. [DJa) 
and mb) for the highest excitation intensity using co- 
(HHHH) and cross- (HVVH) linearly polarized excita- 
tion sequences, respectively, where the polarization is 
designated as that of pulses A, B, C and the detected 
signal. Because pulse A is incident on the sample first 
and the signal is measured along kg, coherences oscil- 
late at negative frequencies during r with respect to 
oscillations during t, thus the spectra are plotted as a 
function of negative absorption energy hiUr and posi- 
tive emission energy hwt along the vertical and horizon- 
tal axes, respectively. At 200 W cm~^, we estimate an 
average of 0.1 excitons are excited per QD. Both spec- 
tra feature a peak on the diagonal, and the maximum 
amplitude of this peak decreases by two orders of mag- 
nitude when switching from HHIIII to HVVH polariza- 
tion. In a strongly inhomogeneously broadened system, 
the linewidth of a slice taken along the diagonal provides 
the inhomogeneous linewidth, Finhom, but is limited by 
the excitation spectrum in these experiments, whereas a 
slice perpendicular to the diagonal, shown in the inset 
of Fig. [2{a), is a measure of the homogeneous lineshape 
and the half-width half-maximuni2£ (HWHM) gives the 
Lorentzian zero-phonon line (ZPL) width, 7hom, at low 
temperature^^. For HVVH polarization, additional peaks 
appear shifted below and above the diagonal line by equal 
energy. 

The states contributing to the features in Fig. [5] are 
identified by exploiting the dipole selection rules shown 
in Fig. [Ijc). For HHHH polarization, excitons and biex- 
citons are optically accessible in neutral QDs, whereas in 
QDs containing a resident hole, Pauli blocking inhibits 
excitation of these excitonic states and instead positively- 
charged trions can form. Because of inhomogeneity, the 
exciton and trion distributions overlap on the diagonal 
and are spectrally indistinguishable. The excitonic con- 
tribution is eliminated by using an HVVH polarization 
scheme for which no quantum pathways exist for the ex- 
citon. Local field effects, two-exciton coherences and 
excitation-induced effects previously measured and cal- 
culated to generate a signal at the exciton energy in 
quantum wells for HVVH polarization arc not present, 
verified through auxiliary measurements similar to neg- 
ative delay two-pulse FWM experiments^^. Therefore, 
the remaining spectral amplitude on the diagonal in Fig. 
[2jb) isolates the trion response. In charged QDs, opti- 
cal excitation creates a single electron-hole pair, and the 
three-particle state forms a singlet trion. The fraction of 
charged QDs is estimated by noting that the third-order 
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FIG. 2. (Color online) Normalized rephasing amplitude spec- 
tra for CO- (HHHH) and cross- (HVVH) linear polarization for 
an excitation intensity of 200 W cm~^ are shown in (a) and 
(b), respectively. A cross-diagonal slice (points) at the peak 
maximum and a VLorentzian fit (line) are shown in the inset 
to (a). 



polarization and the ZPL width are proportional to the 
fourth and second power of the dipole moment, respec- 
tively. We assume that a single dipole moment character- 
izes the quantum pathways leading to each multi-particle 
state and that the linewidths are radiativcly limited. By 
measuring the amplitudes and linewidths for both po- 
larizations at low power (in the x^^^ regime) and relating 
them through the dipole moments, we estimate that 52% 
of the QDs are charged. 

Identification of the diagonal peak in Fig. [2jb) as a 
trion is further supported by a narrower ZPL width for 
HVVH polarization by a factor of 1.5, shown in Fig. ^a), 
and is consistent with time-resolved photoluminescence 
measurements of a similar sample showing positive trions 
having a longer radiative lifetime than excitons^S. The 
cross-diagonal linewidths (HWHM) extracted from the 
fits, shown in Fig. ^a.) for the exciton (7x), trion (7X-1-) 
and biexciton (7xXl ) i are constant within the inhomoge- 
neous distribution FWHM for both polarization schemes 
and arc equal to 12 ±1, 8±2 and 32 ±3 ficV, respectively, 
after deconvolving the spectrometer response. Further- 
more, for all excitation intensities used, the linewidths 
remain constant within the experimental uncertainties 
(data not shown). 

As mentioned previously, the cross-diagonal linewidths 
(HWHM) for the exciton and trion are equal to their ZPL 
widths at low temperature, and the values observed here 
arc larger than the radiative lifetime-limited linewidths 



reported in the literaturei^ii^. Because of different sam- 
ple preparation and high-temperature annealing of the 
sample investigated here, comparison of the results is dif- 
ficult. However, one possible explanation for additional 
pure dephasing observed here could be the presence of 
charge-trapping sites near the QDs, which result in a 
fluctuating quantum-confined Stark shift of the energy 
levels^ and would dcphasc the excitonic states as long 
as the charge fluctuation times are fast compared to the 
formation of the photon echo. For the biexciton, the 
cross-diagonal width is equal to the dephasing rate as- 
suming that fluctuations in the ground state exciton 
transition energy are perfectly correlated with those of 
the exciton — >• biexciton. Uncorrelated broadening would 
lead to a greater dephasing rate and result in a distribu- 
tion of binding energies at a particular emission energy, 
broadening the cross-diagonal lincwidth. 
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FIG. 3. (Color online) (a) The exciton (7X, diamonds), trion 
(7x+, squares) and biexciton (7xxl, circles) cross-diagonal 
linewidths (HWHM) are shown within the ground state inho- 
mogeneous distribution and are nearly constant for all emis- 
sion energies. Representative error bars are indicated, (b) For 
the HVVH spectrum, a cubic power dependence of the peak 
amplitudes below (XXl) and on (X-I-) the diagonal confirms 
their x''^' nature, whereas the quintic power dependence of 
the above-diagonal peak amplitude (XXu) indicates that this 
peak arises from the x'^' nonlinear response amplitude radi- 
ating along ks- The cubic (P^'^'^) and quintic (P^''^) power 
dependences are indicated by the dashed lines. 

Suppression of the exciton for HVVH polarization re- 
veals the biexciton, which is three orders of magnitude 
weaker than that of the exciton in the HHHH spectrum. 
Observed as beats in time-integrated FWM signals, the 
X^^'^ response of the bound biexciton has appeared in 2D 
rephasing spectra of GaAs quantum wells as a peak red- 
shifted from the diagonal along the emission energy axis 
hujt by the biexciton binding energy Axx^, similar to 
peak XXl observed in Fig. [DJb). An additional peak, 
XXu in Fig- IHb), appears above the diagonal red-shifted 
by Axx along the absorption energy axis, ftw^, for ex- 
citation intensities greater than 65 W cm^^. A power 
dependence of the amplitudes for HVVH polarization, 
shown in Fig. ^h), indicates that XXu increases with 
intensity as P^^^ and thus is due to the x^^'' biexciton 
nonlinear response. This six- wave mixing signal radiates 
in the FWM direction only for nonlinear interactions in 
which cither pulse A, B or C acts three times. For exci- 
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tation below 65 W cm~^, X+ and XXl increase as P'^/^, 
confirming that the experiment is performed in the x^^-* 
regime at low power. The time-integrated FWM from 
this sample for HVVH polarization does indeed show 
biexciton quantum beats, but with a frequency propor- 
tional to the emission energy difference between the X+ 
and XXl peaks. If strong enough, the presence of the 
fifth-order biexciton contribution would be distinguished 
in time-integrated FWM as a beat with a frequency cor- 
responding to the energy difference between XXl and 
XXlp^. We demonstrate here that while too weak to 
be observed in one-dimensional FWM experiments, cer- 
tain quantum pathways of the x^^"^ biexciton nonlinear 
response from InAs QDs are clearly and unambiguously 
identified using 2DFTS. Further separation of the x'"^'' 
pathways could be accomplished by using a variation of 
nonlinear spectroscopy that isolates the six-wave mix- 
ing signal^ in combination with higher-order Fourier- 



transform spectroscopj^. 

In conclusion, we present 2DFT spectra of excitons, 
biexcitons and trions in an InAs QD ensemble for in- 
creasing excitation intensities that drive the system from 
the x*^'^^ to the x''^'' regime. We find that the linewidths 
are independent of emission energy and that excitation- 
induced dephasing is absent for the excitation intensities 
used. Under strong excitation, the x*'^^ biexciton nonlin- 
ear response appears in the 2D spectra as an additional 
peak. While the x^^'' biexciton contribution is too weak 
to be observed in the time-integrated FWM signal, it is 
clearly separated and resolved using 2D spectroscopy. 
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